INTRODUCTION
The incidence of diabetes mellitus, one of the strongest risk factors for chronic cardiovascular disease, increased significantly worldwide. [1] [2] [3] [4] Cardiovascular complications in diabetic patients such as cardiomyopathy are the leading cause of diabetic mortality. 5) Therefore, early diagnosis and prevention of the cardiovascular complications of diabetes are important issues for public health.
Diabetic cardiomyopathy can occur as an independent entity in the absence of chronic vascular disease. 2, [5] [6] [7] Although there are no diagnostic features for diabetic cardiomyopathy, interstitial accumulation of periodic acid-Schiff (PAS)-positive materials, increased collagen deposition, and interstitial fibrosis have all been commonly noted. [6] [7] [8] Such changes in the extracellular matrix can contribute to the diastolic dysfunction observed in patients with diabetes.
To investigate the mechanisms underlying diabetic cardiomyopathy, a variety of animal models has been established. 9) Several methods have been used to detect the early changes in cardiac dysfunction in diabetic animals. 10, 11) However, while most methods are feasible in rats or larger animals, vali- (Received February 20, 2004 ; Accepted March 9, 2004) Diabetic animal models are used extensively to dissect the mechanisms underlying diabetic cardiomyopathy. For such studies, detection of cardiac dysfunction is critical, and therefore, the present study comparatively examined cardiac function in mice 100 days after strepotozotocin (STZ)-induced diabetes using three complementary techniques: electrocardiography (ECG), echocardiography and left ventricular (LV) hemodynamic analysis. Histological changes were also assessed by periodic acid-Schiff (PAS)-positive materials and Masson's trichrome staining and immunohistochemical staining for type IV collagen. ECG monitoring for 2 hr in diabetic and control mice revealed no abnormality. By echocardiography, diabetic mice showed significant decreases in LV chamber diameter at end-diastole and end-systole but no other abnormalities, as compared to control mice. Hemodynamic evaluation in diabetic mice revealed that although basal parameters of cardiac function were similar to control, β-adrenergic responsiveness was significantly reduced in diabetic mice, indicating a loss of inotropic reserve and early myocardial dysfunction. Histological staining showed mild but significant increases in interstitial fibrosis in diabetic mice, confirming early diabetic cardiomyopathy. These results indicate that despite examination by ECG and resting hemodynamic may not sensitive approaches to reveal early diabetic cardiomyopathy, resting echocardiography and stressing hemodynamic analysis by evaluation of contractile provocation and inotropic reserve are able to uncover the evidence of early subtle mechanical dysfunction. dation in mice is lacking. We have previously used hemodynamic analysis to investigate cardiac functional changes in diabetic mice. In that study, we found that significant cardiac dysfunction occurred in diabetic mice 14 days after streptozotocin (STZ)-treatment, and such functional changes were accompanied by histological abnormalities. 12) However, as such hemodynamic analysis requires a terminal study; sequential measurements cannot be performed in the animals. Therefore, noninvasive imaging methods that would allow accurate and serial assessments of structural and functional cardiac changes are of utmost important for transgenic and surgically modified mouse models of diabetes.
Accordingly, in the present study, we comparatively investigated, at 100 days after STZ-treatment, cardiac functional changes in diabetic mice using three approaches: electrocardiography (ECG), echocardiography and left ventricular (LV) hemodynamic analysis. Morphological evaluation was also performed for histological changes seen in diabetic myocardium.
MATERIALS AND METHODS
Diabetic Mouse Model ---FVB mice, originally obtained from Harlan Bioproducts for Science, Inc. (Indianapolis, IN, U.S.A.), were housed in the University of Louisville Research Resources Center at 22°C with a 12-hr light/dark cycle and with free access to rodent chow and tap water. All animal procedures were approved by the Institutional Animal Case and Use Committee, which is certified by the American Association for Accreditation of Laboratory Animal Care. Eight-week old male mice were given a single dose of STZ i.p. (150 mg/kg, Sigma Co., St. Louis, MO, U.S.A.) dissolved in sodium citrate buffer (pH 4.5). Whole-blood was obtained from mouse tail-vein and blood glucose was measured using a SureStep complete blood glucose monitor (LifeScan, Milpitas, CA, U.S.A.). Mice with 12 mmol/l glucose or higher on day 3 after STZ treatment were considered diabetic and were supplied with 1.0 U/kg insulin i.p. daily for up to 2 weeks to avoid acute-phase mortality. The same volume of sodium citrate was given to the mice serving as vehicle controls as described previously. 12, 13) Evaluation of cardiac function in diabetic mice 100 days after STZ-treatment was based on the facts that diabetic mice 4 weeks after STZ treatment did not show significant changes by echocardiographic evaluation (a tendency of decreasing LV chamber size was indicated), but other diabetic mice at 12 weeks after diabetic onset showed certain significant echocardiographic abnormalities. 14, 15) Electrocardiography ---ECG was performed on mice anesthetized with sodium pentobarbital (60 mg/kg). The animals are lightly sedated with a single dose of diazepam (i.p., 10 mg/kg) 20 min before the beginning of the recording to obtain stable ECG recordings in unrestrained animals. Needle electrodes were placed subcutaneously in the extremities to obtain Lead II of the ECG. ECG signals were band-pass filtered, amplified, digitized (500 Hz/animal), and recorded by an electrophysiograph. During the recording, the chart speed was set at 10 mm/sec, 25 mm/sec, and 50 mm/sec to allow close examination of the changes in waveforms and for arrhythmia. All analyses were performed on that were obtained full-disclosure 2-hr recordings. QRS complex and T wave were visually confirmed. Each measurement is an average of a 4-sec screen. All complexes on the screen were ensemble averaged using the peak of the QRS as a fiducial point. The QRS complex represents the electrical excitation of the ventricles, which initiates the ventricular contraction (systole) shortly after the Q wave. The R-R interval was determined by averaging individual R-R intervals for all complete cardiac cycles on the screen. The Q-T interval of the signal-averaged complex was then determined manually by placing cursors on the beginning of the QRS and the end of the T wave. Because the Q-T interval was highly correlated with the R-R interval, the QT interval was corrected (Q-Tc) using the formula proposed by Mitchell et al., 16, 17) Q-Tc = Q-T/(RR/100) 1/2 . Echocardiography ---Echocardiographic assessment (Toshiba T380 Powervision system) was performed on mice anesthetized with tribromoethanol (0.5 mg/g body weight, by 0.25 ml/g. i.p. injection) in the parasternal long-axis, short-axis, and apical 4-chamber views using a custom-made gelfilled acoustic standoff and a pediatric 7.5-MHz broadband transducer effectively operating at 10-MHz frequency, as described previously.
18) The parasternal views were used to measure anteroposterior internal diameter (D), anterior wall thickness, and posterior wall thickness at end-diastole (ED) and end-systole (ES). Left ventricular systolic function was assessed by fractional shortening (FS = [EDD-ESD]/EDD) and mean velocity of circumferential shortening (Vcf, circ/sec = FS/ejection time) corrected for heart rate (Vcf divided by the square root of the RR interval in seconds).
Assessment of Left Ventricular Performance
---General measures of cardiac performance were carried out using in situ LV hemodynamic analysis as described previously. 19) Mice were anesthetized using tribromoethanol (0.5 mg/g body weight, by 0.25 ml/g i.p. injection). A midline incision (1-2 cm) in neck external to the trachea was made and the right and left sternohyoid muscles were pulled apart using forceps with serrated tips. A small opening in the trachea was made for the insertion of a PE-100 catheter to ensure a patent airway. The common right carotid artery was isolated, and was tied on the caudal end at the branch point of the internal and external parts to prevent the backflow of blood. The rostra end of the artery was clamped to occlude blood flow from the heart. A small incision was then made in the artery for the insertion of a hand-stretched, fluid-filled PE-50 catheter, which was connected to a transducer and a computer recording system. The catheter was then slowly advanced through the common carotid artery, the ascending aorta, and into the left ventricle. The animal was allowed to stabilize for 20-30 min before recording of the waveform for up to 2 hr.
Isoproterenol was used to generate β-adrenergic stimulation of the LV function. The right femoral vein was cannulated with PE 10 tubing and connected to a Harvard Apparatus/22 microinjecion Pump for the infusion of isoproterenol. After 30-45 min stabilization period, isoproterenol was infused at a rate of 0.02 ml/min (1.6 ng isoproterenol/min/g BW) for 1 min at each time. Myocardial functional changes in response to isoproterenol were recorded immediately after the infusion for 20-30 min at which time myocardial function was recovered to baseline. Histopathological and Immuonhistochemical Examination by Light Microscopy ---Heart tissues were cut into 3 mm-thick slices and fixed with 10% neutral formalin overnight. The tissue slices were embedded in paraffin. 20) Tissue sections of 5 µm were stained by PAS and Masson's trichrome and examined with light microscopy as described previously. 21) Type IV collagen (Col IV) was detected using immunohistochemistry method.
21) The primary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The intensity of PAS, Massonn's and Col IV staining was given a grade from 1 to 5, modified from previous methods, 21) with grade 1 indicting no staining and grade 5
indicating the greatest intensity of staining. A weighted score was then generated to semi-quantify the expression of PAS, Masson's and Col IV in the tissue by multiplying the intensity grade with the proportion of positively staining area (1: 0 to 25% staining; 2: 26-50% staining; 3: 51-75%; and 4: 76-100% staining). Statistical Analysis ---Data were collected from repeated experiments and are presented as mean ± S.D. Student t-test was used for statistical analysis. Differences were considered to be significant at p < 0.05.
RESULTS

General Data
A single i.p. injection of 150 mg/kg STZ induced a significant increase in fasting whole-blood glucose levels (>12 mmol/l) in the mice from day 3 to 100 after STZ-treatment. Animals with hyperglycemia persisting for 100 days after STZ-treatment were used in this experiment. Eight mice for each group were included, but 2 diabetic mice died at 1 and 2 months. The diabetic mice showed a significant increase in glycated hemoglobin (Hb-A) and serum triglyceride levels (Fig. 1) . Baseline body weight (day 0) was not different between control and diabetic mice, but significantly decreased in the diabetic mice 100 days after STZ-treatment (Table 1) . Heart weights in diabetic mice were lower than controls, although ratios of heart weight to body weight were increased due to the significant decrease in body weight (Table 1) . Both kidney weight and ratio of kidney weight to body weight increased in diabetic mice, indicating significant renal injury (Table 1 ). Since we have demonstrated decreased spermatogenesis along with a marked decrease in Glycated hemoglobin (Hb-A1) and serum triglyceride in the control and diabetic mice at 100 days after STZ-treatment were measured using corresponding kits from Sigma. *p < 0.05 vs. control.
testes weight in the diabetic rats, 22) we also measured testes weight as an endpoint of diabetic manifestations, which decreased significantly (although the ratios of testes weight to body weight increased due to significant loss of body weight in diabetic group). These findings indicate significant organ damage in diabetic mice 100 days after STZ-treatment.
Electrocardiographic Evaluation of Diabetic Mice
Eight control and six diabetic mice were evaluated by ECG for electrophysiological changes. Representative ECGs from control and diabetic mice are presented in Fig. 2A . The electrocardiogram of an adult mouse differs considerably from that of humans, with the most notable difference being the absence of an identifiable S-T segment. Instead, in lead II, there is an early-peaking, upright T wave that is merged with the QRS. Analysis indicated the normal QRS complex (8.43 ± 0.13 ms for control vs. 8.42 ± 0.21 ms for diabetes) and Q-Tc interval (50.40 ± 0.50 ms for saline control vs. 50.48 ± 0.39 ms for diabetes), and the absence of T wave shifts in both normal and diabetic mice. No ventricular premature beat was found during a 2-hr observation period in each mouse from both control and diabetic groups.
Echocardiographic Evaluation of Diabetic Mice
Echocardiography revealed reduced LV chamber size evidenced by smaller LVEDD and LVEDV, and LVESD and LVESV (Table 2 ), but without significant changes in absolute or relative wall thickness as well as LV mass. A representative result indicating the decrease in LVEDD and LVESD in dia- a) Eight mice were included for each (control and diabetes) group in beginning of the experiment, but two diabetic mice died at one and two month after STZ-treatment as described in the text.
Fig. 2. Representative Measurements of Cardiac Function by ECG (A) and Echocardiography (B) in Control and
Diabetic Mice 100 days after STZ-Treatment betic mice as compared to control mice was presented in Fig. 2B . No hypertrophic remodeling was observed. Additionally, LV systolic function mea-sured by fractional shortening and mean velocity of circumferential shortening (FS and Vcf) was unchanged.
Hemodynamic Analysis of Diabetic Mice
Resting hemodynamic analysis revealed significant increase in systolic blood pressure and accordingly LV peak systolic pressure (LVPSP) without other differences between diabetic and control mice, as shown in (Table 3) . In response to isoproterenol stimulation, no difference for the increased heart rates was seen between control and diabetes, but LVEDP significantly increased in diabetic mice (about 10 folds relative to diabetic baseline) as compared to control mice although there was no significant difference due to individual variation (Fig. 3A) . However, the values of +dP/dt max, a measurement of the mechanical ability of the heart to generate LVPSP, LV peak systolic pressure; LVEDP, LV end-diastolic pressure; LVMDP, LV minimum diastolic pressure; dP/dt max, maximum rate of rise in intraventricular pressure during ventricular contraction; DCON, duration of contraction; Tau, time constant of the best-fit exponential pressure decay from the pressure at dP/dt max to a positive pressure above the previous LVEDP by 10 mmHg; time constant; 1/2R: duration of 1/2 relaxation; dP/dt min, maximum rate of decrease in intraventricular pressure during the isovolumetric relaxation; DREL: duration of relaxation. Values are means ± S.D.
force for ejection of blood from the LV, were markedly reduced in the diabetic mice compared to control after isoproterenol stimulation. Correspondingly, the value of -dP/dt min was also significantly decreased in the diabetic mice (Fig. 3B) . The loss of inotropic reserve uncovered during β-adrenergic stimulation suggests early cardiac dysfunction in diabetic mice 100 days after STZ.
Histological Examination of the Hearts of Diabetic Mice
Histological examination, by light microscopy using hematoxylin and eosin staining, of ventricular tissue sections revealed the presence of myocardial disarray in diabetic mice (data not shown). There were increased PAS-positive materials and Masson's trichrome staining in diabetic myocardium as compared to control (Fig. 4) . Col IV staining intensity was also increased in diabetic myocardium as compared to controls (Fig. 4) .
DISCUSSION
The results of this study demonstrated that: Prolonged (2-hr) ECG monitoring does not reveal any electrophysiological abnormalities in STZ-induced diabetic mice, diabetes is associated with reduced chamber size by echocardiography, but no hypertrophy or baseline mechanical dysfunction, and diabetic mice display no alteration in resting hemodynamics, but have a loss of inotropic reserve, with reduced β-adrenergic responsiveness. These alterations indicate early evidence of myocardial dysfunction, which was confirmed by histopathological evidence of increased PAS-positive materials, Masson's trichrome and Col IV staining in diabetic myocardium.
Autonomic neuropathy is a common complication of both type 1 and 2 diabetes mellitus. QT interval prolongation and QT dispersion, which is defined as the difference between the longest corrected QT interval and the shortest corrected QT interval, are important manifestations of diabetic neuropathy and have been used to screen diabetic patients at risk for sudden cardiac death. [23] [24] [25] Using ECG to evaluate cardiac function of STZ-induced diabetes in the rat, spontaneous arrhythmic activity (lasted only a few seconds) and prolonged QT interval (QT interval corrected for heart rate) were observed, but not earlier than 16 weeks after STZ treatment. 26) Compared to rat model, only a few studies used ECG assessments for cardiac dysfunction in other mouse models, 16, 27, 28) in which no prolonged QT interval was noted even though other ECG abnormalities were observed. In addition, whether prolonged QT interval directly correlates to and predicts arrhythmia risk arrhythmia was also questioned in other non-diabetic cardiomyopathy mouse model. 29) We have successfully applied the ECG to evaluate the effect of air pollute on cardiac dysfunction in the rat models with acute myocardial infarction. 17) In the present study using mouse diabetic model, however, ECG evaluation did not reveal any abnormality in diabetic group as compared to control. This may be secondary to: the duration of diabetes in the present study (100 days) may not produce significant cardiac neuropathic changes, 2-hr ECG observation may be too brief to uncover such abnormalities; and the use of ECG, especially QT interval, for the evaluation of cardiomyopathy may be adequate in mouse model.
In the present study, we found that diabetes was Left ventricular end diastolic pressure (A), and heart rate (HR), maximum dP/dt and minimum dP/dt were compared by baseline (indicated by horizontal dash line) and that in response to isoproterenol stimulation (B) were measured, as described in MATERIALS AND METHODS. *p < 0.05 vs. corresponding control groups. associated with reduced chamber size, shown by decreases in LVEDD or LVEDV and LVESD or LVESV (Table 2) . A few studies used echocardiography to evaluate cardiac dysfunction in diabetic mouse models including both type 1 15, 30) and type 2 diabetes. 14, 31, 32) In regarding to type 1 diabetes, our results are consistent with study of Shiomi et al. 30) and inconsistent with the study of Nielsen et al. 15) which revealed a slight increase in LVEDD and LVESD in diabetic mice 3 months after STZ treatment. These discrepancies may be due to the use of anesthesia, 10, 33) the duration of diabetes 34) and, perhaps more importantly, the type of diabetic models. For instance, in the studies of Shiome et al. 30) and the present study, tribromoethanol/amylene hydrate (Avertin) was used, and in the study of Nielsen et al. 15) hypnorm/diazepam (1 : 1) was used, while in other studies, 14, 32) no anesthesia was used. In addition, we examined a single-high-dose STZ-induced type 1 diabetic model, which is same as that in the study by Shiome et al., 30) whereas others used either type 2 diabetes (db/db mice or high-fat-induced diabetes) 14, 31, 32) or type-1 diabetes induced by multiplelow dose of STZ. 15) Compared to single-high dose of STZ, diabetes induced by multiple-low doses of STZ has significantly different mechanisms for the development of diabetes. 35, 36) Single-high-dose STZ induces a sudden and very high levels of blood glucose, which may result in hyperosmotic shrinking of ventricular myocytes. 37) We has demonstrated that exposure of cardiac cells to hyperglycemia caused a significant increase in apoptotic cell death, 13) which supports the evidence of cardiac cell loss in response to sudden increase in blood glucose in animals. 38, 39) In addition, insulin which is deficient in type-1 diabetes is an effective cardioprotective factor against cell loss caused by a variety of oxidative stimuli 40) and mice with null of the insulin-like growth receptor gene showed a reduced heart size. 41) These factors may explain the decreases in heart weight ( Table 1 ) and chamber size observed by the present (Table 2 , Fig. 2B ) and other studies. 28, 38) By hemodynamic examination, no significant differences in basal mechanical parameters were observed between diabetic and control mice. This conflicts with previous studies 12, 38) in which LVEDP was increased in diabetic mice 14 days and diabetic rats 28 day after STZ treatment. One explanation for this difference may be related to the reversibility of a compensation for early cardiac dysfunction. As the development of diabetes progresses to a subacute phase (100 days after STZ treatment), the myocardial response to these diabetic alterations may mask the subtle cardiac mechanical dysfunction. However, the diabetic heart does display a loss of inotropic reserve in response to β-adrenergic stress (Fig. 3) , and underscores the need for stress-provocation to elicit cardiac dysfunction in diabetic mice. These changes may become more apparent with longer duration of disease, which will be explored further in future studies.
Limitations of the present study are: small group of diabetic animals; too short period of hyperglycemia which may cause insignificant abnormalities by echocardiography and resting hemodynamic analysis; and echocardiographic evaluation of diabetic mice without combination of treadmill exercise, which may enhance the sensitivity of echocardiographic evaluation of subtle cardiac dysfunction. Although these shortages are required to be overcome in the future studies, the present study remains to provide importantly comparative information in the same mice for functional evaluation of diabetic cardiomyopathy. These results suggest that a comprehensive mechanical assessment incorporating inotropic stimulation may be the most useful approach to detection of diabetic cardiomyopathy.
